Abstract-In this paper, a wide slot loop antenna with an adjustable back-reflector is introduced. Five working statuses are defined by simply adjusting the distances between the radiator and the reflector. Measured results show the total available operating band with better than 10 dB return loss ranges from 0.84 GHz to 3.04 GHz (113.4%). The radiation properties of the array are tested in an anechoic chamber. Stable unidirectional radiations with more than 8.3 dB gains are observed in the working band. Apart from that, the straightforward two-portion arrangement of the design provides costeffective solution for mass production. All these features make the antenna an appropriate substitute for multiple narrowband antennas.
INTRODUCTION
As known to all, the antenna is one of the most crucial components in a communication system. Nowadays, with the rapid development of smart and multifunctional communication systems, antennas and antenna arrays with wide frequency coverage and reliable radiation properties are demanded [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Among various kinds of antennas, the slot loop antenna (SLA) has raised research interests in academic and industrial fields for its simple configuration and good radiation properties. Several such antennas have been demonstrated and discussed by researchers [15] [16] [17] [18] . In these works, appreciated properties like low cross polarization level [15] , omnidirectional patterns [16] and compact antenna size [17, 18] are achieved. However, the relative bandwidths of these works are typically less than 10%, which limit their applications.
SLAs with wider impedance bandwidths are also developed in [19] [20] [21] .
Cai and Ito in [19] presented the reflector-backed printed polygonal slot loop antenna with relative bandwidth of 24%. The antenna was designed based on the idea of combining a simple polygonal loop antenna and a rectangular slot antenna. Therefore, the antenna possesses the advantages of polygonal loop and rectangular slot antennas, such as high directivity and high tolerance in production. Mandal and Chen in [20] proposed an antenna combining a resonant strip loop with a slot loop for a dual-band and broadband operation. In [21] , Low et al. proposed a wideband antenna for UltraWideband (UWB) application. A microstrip-to-coplanar stripline (CPS) transition was also integrated to feed the radiation element. Lin and Wang in [22] proposed a broadband wide SLA (WSLA) employing delicate photonic band gap (PBG) structures to extend the impedance bandwidth of the antenna. In [23, 24] , center-drive dual-element SLAs are introduced with bandwidths of 64% and 41%, respectively.
In the previous works, SLAs with wide impedance bandwidths are obtained. However, antennas with stable gains in wide frequency range are not as easy to be achieved. To maintain stable gain in wide band, an alternate solution is employing switching networks and multiple narrowband antennas with stable gains. Antenna engineers need to design several narrowband antennas with different dimensions, which is time consuming and cost-ineffective. The fact inspired us to develop a configurable SLA installation, which supplies reliable radiation and constant gain performance in different frequency bands therefore ease the design procedure. In this paper, a center-drive dual-element WSLA with wideband working potential is firstly introduced. The pony ear shaped slots and uplifted disc patches are employed in the design to introduce inductance and capacitance respectively. Detailed studies are given to some key parameters for better understanding the working mechanism of the loadings. Then a distance adjustable back-reflector is placed behind the radiator. By properly selecting the distance between the radiator and the reflector, five working statuses are defined. Reliable better than 8.3 dB gain performance is achieved in the band 0.84 GHz-3.04 GHz (113.4%) as the distance varies, which covers many commercial frequency bands, making the antenna a good candidate for multiple narrowband antennas replacement. The simple two-portion demountable arrangement of the design offers cost-effective solution for mass production, since it eases design and manufacture process. In addition, the solution also solves storage and inventory problems.
DESIGN OF THE CENTER-DRIVE WSLA
The geometry of the antenna is shown in Figure 1 . The antenna is etched on commonly used FR4 substrate with relative permittivity ε r = 4.4 and thickness h = 1 mm. A microstrip to slotline Marchand balun [25, 26] is used to center-feed the configuration with 50 Ω input. Two symmetrical WSLA elements are back-to-back arranged. The inner perimeter of the WSLA element is chosen to be approximately comparable with the half wavelength of the center working frequency. Pony ear shaped slots (A) and uplifted disc patch (B) are employed to extend the bandwidth of the antenna. Four cuts near the feeding region are applied to better smoothen the discontinuity from wide slotline to slot loop. The design parameters are defined in Figure 1 . The optimized dimensions of these parameters are listed in Table 1 . Some of the primary design parameters, for instance, slot width W g , disc slot radius R 2 and the uplifted distance du, are studied in detail to examine their effects on the impedance matching performances of the antenna. The proper selection of slot width W g is crucial to guarantee the effective energy transition from microstrip to slotline. In fact, the slot with width W g functions not only a part of the Marchand balun, but also plays an important role in the impedance matching of the antenna. Figure 2 shows the resistance and reactance performance of the antenna with W g = 2.5 mm, 3.7 mm and 5.0 mm, respectively. When the slot width is too narrow (W g = 2.5 mm), the resistance of the antenna reaches up to 110 Ω in about 2.8 GHz, which mismatches the 50 Ω input. When the slot width increases to 5 mm, heavy protuberance is observed around 1.8 GHz. The figure also reveals that when W g = 3.7 mm, the in-band resistance curve is flatter and generally around 50 Ω. The reactance variations plotted in Figure 2 (b) indicates similar tendencies that best result is obtained when W g = 3.7 mm among the three. Figure 3 shows the return loss performances of the antenna with the mentioned three W g values. Clearly, when W g = 2.5 mm, the high end cut-off of the operating band is limited. On the other hand, when W g = 5 mm, the reflection in the middle frequencies also restricted the antenna bandwidth. With respect to 10 dB return loss, widest operating band is achieved when W g is chosen to be 3.7 mm.
The performances of the antenna with different sized pony ear shaped slots are also simulated. The size of the slots is defined by R 2 while R 2 = 0.0 mm stands for the situation that no pony ear shaped slot is etched on the antenna. It is worth to notice that the value of R 2 is also restricted by the antenna upper edge. The resistance and reactance performances are plotted in Figures 4(a) and (b), respectively. From Figure 4 (a), as R 2 increases, the curves become flatter, indicating the wideband working potential. In Figure 4 (b), as the size of the slot increases, more inductance is introduced and the curve is closer to zero. In Figure 5 , it is also clear that as the size of the slots increases, the lower end of the band is extended to lower frequencies, which is appreciated for both antenna size miniaturization and relative bandwidth improvement.
The effects of the uplifted distance between the antenna slot loop and disc patch are evaluated as well. FR4 substrate is used to support the uplifted disc patch. In Figures 6 (a) and (b) , the resistance and reactance performances of the antenna with different du values are respectively exhibited. The du = inf case stands for the situation in which no disc patch is utilized while du = 0 stands for the situation that the disc patch are directly applied on the WLSA substrate. According shows the return loss performances of the antenna with different du values. When du = 0, with respect to 10 dB return loss, the high-end cut-off is limited to about 2.7 GHz. When du = inf , the high-end cut-off reaches up to 3 GHz; however, protuberant behavior occurs in the middle frequency. When du = 3.0 mm, the operating band covers from 0.95 GHz to 3.1 GHz (106%), which is widest among the three. Adjusting the distance du is able to control the introduced capacitance to the antenna. Together with the pony ear shaped slots, which are inductive to the antenna, the resistance can be tuned to better increase the impedance bandwidth.
It is noticeable that there is a resonance at about 1.8 GHz for all analyzed cases. The resonance is not much affected by the variation of antenna dimensions analyzed above. The feeding microstrip to slotline transition is thus simulated. The average surface currents distributions at 1.7 GHz, 1.8 GHz and 1.9 GHz are obtained and plotted in Figure 8 . From the figure, it is clear that compared with the situation at 1.7 GHz or 1.9 GHz, the currents are more concentrated around the microstrip stub at 1.8 GHz, which result in the resonance. Such resonance leads to a decline of antenna efficiency in corresponding frequency band. However, further investment show that changing the dimension of the stub also cause impedance mismatch behaviors in the desired working band.
To further understand the working mechanism, the surface currents distributions on the antenna at 1 GHz and 3 GHz are simulated and plotted in Figures 9(a) and (b) , respectively. Since the distributions of the currents are symmetrical at the mirrored elements, only part of the antenna configuration is shown in the figures. Generally, the surface currents along the transmission line and the cross junction region are intensive, indicating that the energy is efficiently coupled to the slotline. In Figure 9 (a), it can be seen that at low frequency, the y-direction currents are intensively at the top edge of the slot loop. The x-direction currents along the two arms of the polygonal slot are less intensive and out of phase, which cancel each other and suppress the unwanted cross polarization radiation. At higher frequency, as shown in Figure 9 (b), apart from the top edge of the antenna, the both side edges of the tapered polygonal slot also become the main radiation portion. For the currents along the two sides of the slot, their y-direction components are in phase and reinforce each other; while the x-direction components are in opposite directions, which cancel each other. A prototype of the WSLA is fabricated. The simulated and measured normalized radiation patterns of the antenna at different frequencies are shown in Figure 10 . From the figure, it can be seen that the radiation patterns are bidirectional to ±z-directions in most of its working band. The measured results agree well with the simulated ones in front beam (+z-direction). The measured ripples in the back beam (−z-direction) are mainly due to the test environment error. In yoz -plane, 8-shaped patterns are observed. The xoz -plane patterns, on the other hand, vary as frequency changes. In Figure 10 (e), the maximum radiation direction in xoz -plane splits to ±45 • directions. This is because as frequency increases, the electrical distance between the two WSLA elements is long enough that grating lobes emerge. Cross Polarization are also measured and shown in Figure 10 . The Cross Polarization levels in maximum radiation directions are less than −20 dB in all the tested frequencies. Figure 11 . The configuration of the antenna with distance adjustable back reflector.
DESIGN OF THE ANTENNA WITH BACK-REFLECTOR
In order to obtain the desired unidirectional radiation pattern, a metallic reflector is placed behind the antenna as shown in Figure 11 . According to the image principle, when the reflector is placed approximately λ/4 behind the radiator, the in-phase wave from the reflector enhances the unidirectional radiation. Inspired by that case, 4 length-adjustable screws are implemented to fix the array and the back reflector. The distance between the radiator and the reflector (d) can be easily adjusted, expecting to obtain the stable high gain in a wide frequency range.
The prototype of the reflector-backed antenna is also fabricated and shown in Figure 12 . A metallic reflector with dimensions 170 mm× 240 mm is placed behind the antenna. Since the distance between the radiator and the reflector is tunable, the return loss performances of the antenna with five different d values are measured and shown in Figure 13 . Thanks to the relatively long distance between the radiator and the reflector, when d = 72.5 mm, the impedance bandwidth covers from 0.84 GHz to 2.78 GHz (107%) with 10 dB return loss, close to the simulated antenna relative bandwidth in Section 2 (106%), excepting a slight frequency offset to lower frequencies, which is possibly due to the overall physical size increase. As Figure 13 depicted, when d decreases, the high-end cut-off the operating band shifts to higher frequencies and the low-end cut-off is restricted simultaneously, resulting in operating bandwidth shrinks. In fact, as the distance between the antenna and the reflector decreases, the lower band no longer useful; so only the higher band should be taken into consideration. When d = 26.5 mm, the high-end cut-off increases to 3.04 GHz. According to the return loss performances and image principle, five working status are defined Table 2 . The simulated and measured normalized radiation patterns of the antenna at different statues are illustrated in Figure 14 . The radiation patterns are normalized and shown in both yoz -plane and xoz -plane. As the figure indicates, the simulated and measured results agree well. Compare with the results in Figure 10 , the backward (−zdirection) radiations are suppressed by the metallic reflector. Desired unidirectional patterns are obtained in the entire band. The Cross Polarization levels in the maximum radiation directions are less than −25 dB in all the measured frequencies. The HPBWs (half power beam widths) of the antenna are also measured and shown in Figure 15 .
In the figure, the yoz -plane HPWB is generally varies between 45 • and 70 • , which is more stable compared with the one of xoz -plane as frequency varies. It also can be seen when the distance between the antenna and the reflector is short enough (Status 5), very wide HPBW up to 120 • is obtained in xoz -plane since the grating lobes in Figure 10 (e) merge with each other.
The front to back (F/B) ratio and antenna realized gain is also calculated based on tested results. As in Figure 16(a) , the F/B ratio increases as the radiator-reflector distance gets shorter. From the figure, the greater than 8 dB F/B ratio is obtained from 0.85 GHz to 1 GHz and the greater than 14 dB F/B ratio is obtained from 1.0 GHz to more than 3 GHz. Figure 16 10 dB return loss bands (as shown in Figure 13 ). In this figure, the solid dots depict the gain in the usable bands (as shown in Table 2 ) and the hollow dots depict the realized gains out of the usable bands. As the figure illustrated, the realized gains reach peak values in their usable bands, suggesting that the five statuses defined in Table 2 behave the best in their corresponding bands. The curves also indicate that the stable high gain is realized in the working band. Generally, the realized gain varies between 8.3 dB and 10.1 dB in the working band. The drop of the gain in middle frequencies is primarily caused by the resonance in around 1.8 GHz.
CONCLUSION
In this paper, a reconfigurable WSLA installation is presented. Pony ear shaped slots and uplifted disc patch loadings are employed to enhance the impedance bandwidth. A back-reflector is introduced with adjustable distance to the radiator. Five working statuses with different radiator-reflector distances are defined for different working frequencies. The total available operating frequency ranges from 0.84 GHz to 3.04 GHz with better than 10 dB return loss. The radiation properties of the array are tested in an anechoic chamber. Stable unidirectional radiation patterns to +z-direction are observed in the working band with high F/B ratios. Measured results also show that the better than 8.3 dB gains are available in the entire working band. The appreciated wide frequency band coverage and stable radiation performance make the antenna a feasible substitute for multiple narrowband antennas. More importantly, the simple straightforward arrangement is cost-effective for mass production, since it eases antenna designs and manufactures, solves storage and inventory problems. This design concept in the paper offers a promising solution in industrial fields due to the mentioned advantages.
